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Abstract
Atmospheric turbulence is one of the leading causes of serious personal injuries in nonfatal accidents of commercial 
aircraft and poses a significant hazard to aircraft in the terminal area. The pilot control behavior, workload and its 
difference from the normal flight situation also have essential impact on flight safety when the airplane encountered 
turbulence. In this paper, a unique frequency domain method, which used the cutoff frequency and the power 
frequency as the key metrics, was utilized to analyze the pilot control behavior in turbulence environment for a civil 
transport aircraft based on piloted flight simulation data. The results show that the cutoff frequency and power 
frequency consider both the frequency of pilot activity and the level of the activity at the same time, and could be a 
useful tool to analyze the pilot control behavior.
© 2013 Published by Elsevier Ltd. Selection and peer-review under responsibility of ENAC
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1. Introduction
Atmospheric turbulence is an inclement environmental flow disturbance that degrades ride quality and 
affects flight safety. Many turbulence-related accidents have been reported in the past, especially in the
mountain regions [1]. In particular, appropriate corrective actions must be applied timely during landing 
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to ensure aircraft safety. U.S. Federal Aviation Administration and International Civil Aviation 
Organization developed guidelines to educate the pilots on the procedures to identify and prevent these 
hazards [2]. Most studies on turbulence effects which have been establishing hazard indices for flight in 
atmospheric turbulence are focused on structural loads [3,4]. However, the pilot control behavior, 
workload and its difference from the normal flight situation also have essential impact on flight safety 
when the airplane encountered turbulence. In this paper, the pilot control behavior in turbulence 
environment was analyzed in frequency domain utilized means of cutoff frequency and power frequency 
for a civil transport aircraft based on piloted flight simulation data.
Many pilot vehicle system behavior models have been developed primarily as a means to describe the 
human pilot as he or she attempts to control the aircraft to assist the assessment of handling qualities. For 
those scenarios in which the pilot attempts to compensate for a displayed error in a continuous control 
task, McRuer’s Law or the crossover model applies [5]. The crossover model is valid for single-loop 
compensatory control. Fig.1 gives the block diagram for the single-loop compensatory control task. The 
pilot controls the system output, m in response to the displayed pilot-vehicle system error, e .
The crossover model states that the pilot adjusts his/her characteristics such that the pilot-vehicle 
system can be represented by a given open loop transfunction P C /
j
cY Y e j
ZWZ Z . Here, cZ is the 
crossover frequency, and W is the effective system time delay. The crossover frequency is defined as the
frequency on a Bode plot at which the pilot-vehicle system open-loop describing function amplitude ratio 
crosses the 0 dB line. McRuer’s crossover pilot model was widely used to describe the human pilot’s 
control behavior in a lot of handling qualities research or assessments. The parameters of the crossover 
model can reflect the pilot control behavior. It has been demonstrated that when pilot compensation 
increases and/or controlled aircraft dynamics degrade, the achieved crossover frequency typically 
decreases.
For those studies in which the input is a known forcing function, key pilot-vehicle system parameters 
such as crossover frequency can be measured directly, and the crossover model can be used to evaluate 
the pilot behavior. However, in most common piloted simulation or flight test evaluation tasks, the input 
is not known, and in these cases cutoff frequency can be applied [6]. While cutoff frequency is a useful 
parameter, alone it does not necessarily reflect pilot effort. The cutoff frequency uses the power spectral 
density of the pilot’s input to provide an estimate of crossover frequency. It can provide a measure of the 
frequency of pilot activity, but not the level of that activity. It does not capture pilot workload alone. So 
the power frequency, derived from cutoff frequency, is defined that combines the frequency and level of 
the pilot control input into a single parameter in an effort to provide a better correlation of the frequency 
of pilot input with the intensity of that input.
This paper includes 4 parts: Sec.2 gives the definition of cutoff frequency and derivation of power 
frequency respectively; Sec.3 describes the flight simulator and simulation; Sec.4 demonstrates a 
preliminary case results and discussion; and Sec.5 is the conclusion.
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Fig. 1. single-loop compensatory control task
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2. Cutoff Frequency and Power Frequency
2.1. Cutoff Frequency
The cutoff frequency uses the power spectral density of the pilot’s input to provide an estimate of 
crossover frequency. It can provide a measure of the frequency of pilot activity. The cutoff frequency is a 
spectral analysis method for determining the pilot operating frequency for pilot-in-the-loop flying tasks. It 
is an alternative measure when it is not possible to determine pilot-vehicle crossover frequency directly. 
Cutoff frequency is a quantitative measure of pilot stick activity calculated by examining controller input 
power versus frequency. Specifically, the cutoff frequency is defined as the frequency at which the 
integral of the power spectral density (PSD) from 0Z  to Z is half of its total value. This is determined 
by calculating the ratio of root mean square (RMS) values expressed as 1 total/< < . total< is calculated by 
the integral:
2
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1
d
2
GGG ZS
f
<  ³ (1)
where GGG is the PSD function for the pilot control. Essentially, the mean square value is proportional to 
the area under the PSD curve. Similarly, 1< is calculated by the integral:
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where 1< is the RMS value of the pilot control input signal over the frequency range 0Z  to 1Z . Since 
the cutoff frequency is the frequency at the half power point, cutoffZ is thus the frequency at 
which 1 total/< < =0.707, where 1Z = cutoffZ .
1
2
01
2
total
0
1
d
2 0.5
1
d
2
G
G
Z
GG
GG
Z
S
Z
S
f
<
  
<
³
³
(3)
2.2. Power Frequency
A detail that is lacking in the cutoff frequency is that even though it is calculated using the power at a 
given time instant, the magnitude of the power at that time relative to power at all other times is lost.  
Time slices of the scalogram that show little activity and time slices with extreme activity could have 
similar cutoff frequencies simply due to the nature of the cutoff frequency equation.
To alleviate this issue, a new parameter is defined, the power frequency GZ , by introducing power back 
into the cutoff frequency. This is accomplished by simply multiplying the cutoff frequency by the 
maximum of the PSD, max GGG , over the frequency range. The parameter is then scaled by dividing by N ,
an arbitrary term that is used to scale the parameter for the given problem. Thus the parameter can be 
calculated through the following formula:
cutoff max
G
G
N
GGZ
Z
Z  (4)
Multiplying the cutoff frequency by the maximum power effectively modulates the cutoff frequency 
and reflects the pilot or vehicle activity evidenced by the time history. When very little is happening in the 
pilot-vehicle system at a particular time instant, the cutoff frequency is tempered and reduced. When there
is much activity indicated by spikes in the time history, the power frequency reflects that as well.
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3. Flight Simulator and Simulation
The pilot in loop flight simulation was conducted on a PC based two degree of freedom flight simulator. 
A large civil transport aircraft model (B747-200) was used in the simulation. Different levels of 
turbulence intensity and flight scenarios were considered. The following paragraphs briefly describe the 
flight simulator hardware, software and task.
The flight simulator hardware is a 2-Dof flight motion simulator named Dreamflyer™, which is
lightweight and compact, requires no power. It includes throttle, central control stick and rudder pedals, 
can provide pitch and roll freedom of motion in the range of 15r D , as shown in Fig.2. It captures the 
motion based on simple gravitational movements of the chair initiated by the user in response to the views 
on the screen. 
FlightGear was adopted as the flight simulator software for this research, which is an open, free flight 
simulation program package and can run on a PC. FlightGear is an open-source project. It is possible to 
choose between three primary Flight Dynamics Models. It is possible to add new dynamics models or 
even interface to external “proprietary” flight dynamics models. It is possible to define the simulation data 
output freely [7]. In this paper, YAsim method was utilized to establish the aircraft flight dynamics model 
of B747-200.
A commercial civil transport category airplane B747-200 was modeled into the FlightGear, which was 
the controlled element in the single-loop task of pilot-vehicle system. The flight simulation task simply 
chooses the pitch attitude maintenance. The pilot controls the system output, pitch angle, in response to 
the displayed pilot-vehicle system error of pitch angle. Six flight simulation tests at two flight phases with 
different level of turbulence intensity were run by two graduate students, who were skilled in flight 
simulator games, as shown in table 1. Both of the two test flyers can be classified as high gain pilots. 
Table 1. flight simulation tests
Run Flight phase Turbulence intensity
1 Cruise at middle height Minor
2 Approach Minor
3 Cruise at middle height Moderate
4 Approach Moderate
5 Cruise at middle height Strong
6 Approach Strong
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4. Case results and discussion
The cutoff frequency and power frequency were calculated using the six simulation test run data. The 
pilot control behavior and the pilot-aircraft system response characteristics for pilot-in-the-loop tasks in 
turbulence environment were analyzed. The following gives the detail of result of the simulation test run 5.
Specially, the pitch stick position was normalized into the range [-1, 1].
Fig. 2. flight simulator hardware
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Fig. 3. time history of test run 5 (a) stick position; (b) pitch angle
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Fig. 4. (a) PDS function of stick position; (b) PSD function of pitch angle
Fig.3 is the time history consisting of pitch stick position and pitch attitude angle. Fig.4 gives the PSD 
function of pitch stick and pitch angle. Cutoff frequencies and power frequencies in different test run are 
listed in table 2. Both cutoff frequency and power frequency decrease with the turbulence intensity
increasing.
Table 2. cutoff frequencies and power frequencies
Run Cutoff frequency(rad) Power frequency(rad)
1 0.41 2.91
3 0.27 1.9
5 0.15 0.8
The preliminary analysis of the cutoff frequency and the power frequency in this research shows a new 
pilot-vehicle system response analysis parameter. The study presented was limited in data analyzed. To
confirm the results need more extensive analysis using multiple aircraft, pilots, and tasks. However, the
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research and its results are encouraging that the power frequency together with the cutoff frequency could
be useful metrics for the pilot-vehicle analysis.
5. Conclusion
A flight simulation test study was conducted to demonstrate the utility of the cutoff frequency and the 
power frequency, for pilot-in-the-loop tasks that do not lend themselves to calculation of crossover 
frequency. The cutoff frequency and power frequency were calculated based on simulation data. The pilot 
control behavior and the pilot-aircraft system response characteristics for pilot-in-the-loop tasks in 
turbulence environment were analyzed. The results show that the cutoff frequency and power frequency 
consider both the frequency of pilot activity and the level of the activity at the same time, and could be a 
useful tool to analyze the pilot control behavior. Cutoff frequency show changes in power distribution 
over the frequency range. The power frequency depends on both the magnitude of the power spectra 
density and the distribution of the power over the frequency. 
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